An invited contribution to the special feature 'Putting fossils in trees: combining morphology, time, and molecules to estimate phylogenies and divergence times'. 
Introduction
The fossil record provides us a critical context for evolutionary biology; yet, it is notoriously incomplete and riddled with uncertainty. Model-based phylogenetic approaches offer us an explicit framework for addressing uncertainty as well as a likelihood model for morphological character evolution [1] [2] [3] [4] . Recent studies [2] [3] [4] [5] have incorporated morphological and temporal data (tip-dates) from both modern taxa and fossil specimens in order to co-estimate both phylogenetic relationships and divergence dates under an assumed 'morphological clock' that is analogous to a molecular clock. Here, this approach is applied to titanosaurian sauropod dinosaurs. Titanosaurians were a globally distributed clade of Cretaceous large-bodied terrestrial herbivores with a partially resolved phylogeny and an obscure origin near the Jurassic-Cretaceous boundary based on a deficit of unambiguous fossil specimens [6] [7] [8] [9] [10] [11] . Model-based methods are implemented to take advantage of the worldwide distribution of titanosaurians for assessing the influence of Cretaceous supercontinental break-up and its reorganizational impact on the diversification of terrestrial biotas [12] [13] [14] [15] [16] [17] [18] .
Methods
The dataset herein integrates several previous studies and includes autapomorphic characters for estimating terminal branch lengths (45 taxa, 262 variable and 230 & 2016 The Author(s) Published by the Royal Society. All rights reserved. autapomorphic characters; see the electronic supplementary material, appendix; [1] ). The reported stratigraphic range for each taxon was sampled using a uniform distribution prior (see appendix; [3, 5] ). Morphology models [1] differed in either equal or variable rates of character evolution within BEAST v. 2.1.3 [19] and MRBAYES v. 3.2 [20] . The BEAST analyses implemented the birth-death-skyline-serial-sampling tree model, allowing birth and death rates to vary through time [21] , under a lognormal relaxed clock model. MRBAYES v. 3.2 cannot currently use birthdeath models with non-contemporaneous termini; thus, a uniform clock model with the independent gamma rate option drawn from an exponential distribution was implemented [5, 20] . All four models ran for 20 million generations, sampling every 1000 generations with a standard 25% burn-in. Models were compared using the Bayes factor [22] . Palaeobiogeographic models DEC [23] , the likelihood-interpretations of both DIVA [24] and BAYAREA [25] and alternative models including long-range dispersal parameter 'þj' within the R package BioGeoBEARS [26, 27] were used with the best-fit phylogenetic model to reconstruct ancestral ranges.
Results
The BEAST variable-rates model is strongly supported over other models ( figure 1 and table 1 ) and differences among the models include the position of several unstable taxa, orderings within subclades and estimated topological parameters (see appendix). The topology is broadly congruent with recent titanosaurian phylogenies [29, 30] . DEC þ j is the slightly favoured palaeobiogeographic model (table 1) , suggesting occasional dispersal episodes as a factor. Alternatively, the 'þj' models may reflect uneven spatial and temporal sampling as distributional ranges are likely incomplete; the majority of established titanosaurian taxa are known exclusively from Mid-Late Cretaceous South American deposits [31] .
Discussion (a) Early Cretaceous (Berriasian -Barremian)
A titanosaurian origin is estimated at 134.88 million years ago (Ma; 95% highest posterior density: 143.88-127.12 Ma) and is compatible with the earliest unambiguous titanosaurian fossils that are known from the Barremian (130-125 Ma; [10, 11] rsbl.royalsocietypublishing.org Biol. Lett. 12: 20151047
Jurassic-Cretaceous transition incomplete, though increased sampling efforts targeting this interval will certainly assist with better characterization of palaeobiogeographic patterns.
(b) Mid-Cretaceous (Aptian -Cenomanian)
Recovered divergence dates for South American and African titanosaurian sister lineages follow the gradual northward 'unzipping' of these two continents and may have promoted the semi-isolation of subequatorial African faunas [32, 33] prior to final separation (approx. 100 Ma; [34] [35] [36] [37] [38] (c) Late Cretaceous (Turonian-Maastrichtian)
Post-Cenomanian titanosaurian lineages support regionally isolated faunas [35, 36] with a dispersal episode into North America from South America (Alamosaurus lineage). An ancestral supra-equatorial African stock may have bridged the recovered Eurasian clade with lineages from South America; however, Late Cretaceous African faunas remain poorly known [40, 41] . Additional mid-and Late Cretaceous African fossils are required to rigorously evaluate and expand upon current palaeobiogeographic models (e.g. reticulated faunal associations). The estimated branch lengths obviate the invocation of ephemeral Late Cretaceous land bridges or other ad hoc explanations that have been proposed for other terrestrial taxa (e.g. theropod dinosaurs [42] ).
Conclusion
Stratigraphically calibrated topologies via ad hoc minimal distances or arbitrary branch lengths may lead to overestimates of continuous continental connectivity when it may not have existed [13, 15, 34] . Co-estimating divergence dates and phylogenetic relationships facilitates direct comparisons between phylogenetic branching patterns and geophysical models of landmass separation. The models herein suggest that titanosaurians had attained a near-global distribution prior to the isolation of the continents with limited dispersals rather than invoke poorly constrained and chronic Late Cretaceous global connections [34, 35, 42, 43] . The study of palaeobiogeographic patterns may not be as straightforward as previously thought, but instead these patterns are likely to be more variable depending on the clade under examination [16] [17] [18] 34, 35, 42, 43] . In summary, our models estimate that the global distribution of titanosaurians, and the regionalization of their constituent subclades predominantly follow geophysical patterns of continental separation and isolation throughout the Cretaceous. 
